A new approach to the use of the previously proposed method called Electrical Mobility Magnetic Resonance Spectroscopy (EMMRS) has been worked out. It consists in obtaining mobility distribution, lifetimes, and activation energy of charge carriers by introducing into the medium a longitudinal elastic wave perpendicular to the electric field which causes displacement of charges (electrons, protons, ions, free radicals, and molecules related with charge carriers) present in the biological environment or inanimate matter. Such a method allows for determination of these quantities within small areas, thus offering possibilities for their imaging. We therefore suggest to call it Ionic Mobility MR Spectroscopy (IMMRS).
Introduction
Many chemical, biological, and industrial processes strongly depend on the presence, mobility, as well as creation and decay of charge carriers (e.g. electrons, protons, ions, free radicals or molecules related with charge carriers) present in the environment. In biology, for example, their direct observation may contribute to a deeper understanding of the mechanism of such processes as charge and information transfer through cellular walls, electron and proton conductivity in biological systems, electrolyte equilibrium, "calcium waves", etc.
Certain methods known for determining free radicals and ionic elements do not allow for the investigation of the dynamics of their motion and behaviour in pathological states and therapeutic processes.
The method presented herein allows to record the presence and concentration of charge carriers in the medium, and to investigate changes occurring during physiological and therapeutic processes within small areas, thus permitting their imaging. The constraint of the method lies in the fact that charge carriers observed have also paramagnetic moments. Nonetheless, bearing in mind that many sheaths can be associated with charges (hydration, solvation, etc.) and it is possible to use other nuclei than 1H, the method discussed may find application with many charge carriers.
Theory
The starting point in the description is Moran's integral [1] determining the phase change, ΔΦ, of the transverse magnetization component M ⊥ , originating from the spins which change their position ξ(t) in the time interval from t to t+δ, and are present in a timedependent magnetic field gradient G(t)
where: γ is the gyromagnetic ratio, ξ(t) describes the time-dependent position of spins, δ denotes the duration of the gradient G(t) satisfying the condition
The phase change ΔΦ is a linear transform of the spin dislocation in time δ. The methods based on such an argumentation have been called the phase contrast techniques. The method of EMMRS [2, 3] is a specific application of the Magnetic Resonance Elastography (MRE) [4] [5] [6] for the measurement and imaging of the dislocations of spins contained in charge carriers, evoked by the electric field.
According to Kohlraush's law, the electric field E(t) applied to a liquid with viscosity η, containing charge q carriers with an effective radius a, forces their dislocation ξ
where ρ = q/6πaη is the mobility of charge carriers. It is assumed that: (a) charge carriers are related with spins observed by the MR method, (b) changes in the intensity of the electric field with frequency ν E are sinusoidal
(c) variable gradient of the magnetic field with frequency ν G is sinusoidal
where: E o and G o denote the amplitudes and ϕ E and ϕ G are phases of the electric field and the magnetic field gradient, respectively. Substituting the dislocation given by Eq. (2), E x (t) from Eq. (3a) and G x (t) from Eq. (3b) into Eq. (1), one obtains the transverse magnetization component phase change [2, 3] ΔΦ
where:
between phases E(t) and G(t) and N is the number of periods of G(t).
The phase change M ⊥ described by Eq. (4): (i) displays a resonance character, (ii) is anisotropy-dependent, i.e. the change in the G(t) orientation allows determination of the spatial distribution of the charge carriers' dislocation tensor, (iii) is phase-dependent, i.e. the change in ϕ allows to determine electric relaxation time constants for charge carriers, (iv) depends linearly on E o , and (v) has an accumulative character.
The EMMRS method allows identification and measurement of the mobility of electric charge carriers with long lifetimes and, in addition, determination of lifetimes of shortlived carriers generated by impulses (e.g. by external factors such as the electric field and ionizing radiation, or external factors such as stress impulses of different types) or generated statistically (e.g. in chemical transformations) [2, 3] . It has been shown that charge carriers with lifetimes χ shorter than the duration of the sequence G(t), δ > χ, undergo displacement only within time χ, i.e. the integration in Eq. (1) should be performed with such a time limit. Then
where n is the population of charge carriers with a defined lifetime χ. As a result, the distribution of the phase M ⊥ is determined by the distribution of the charge carriers' lifetimes. In the resonance, i.e. for α E = 1, ΔΦ/F EMMRS is a linear function of the charge carriers' lifetime χ.
If, in addition, an elastic wave, evoking a displacement perpendicular to that caused by the electric field with the phase equal to the E(t) field changes, is introduced into the sample (see Fig. 1 )
where: ξ a yo , ν a and k a denote the amplitude, frequency and the wave vector of the elastic wave, then one obtains the dispersion of the mobility of charge carriers present in the sample element.
With a triple resonance (ν a = ν G = ν E ) = ν and a longitudinal elastic wave, the length of elastic waves in liquids and tissues for the frequency ν a < 1kHz will be Λ > 1.5 m. A piston-like motion may be assumed along a distance comparable to the cross-section of the human body. In such a situation, and ϕ M = ϕ G = ϕ E , the displacements caused by the field E(t) are concurrent with those evoked by the elastic wave (Lissajous curve) Fig. 1 The diagram of pulses enabling the distribution of charge carriers to be obtained.
where A is a constant.
This means that the y-axis represents the distribution of the charge carrier's mobility, with its range depending on the electric field applied, the elastic waves amplitude and the magnetic field gradient. These relationships are illustrated schematically in Fig. 2 .
The magnetic field gradient determines the element S of the sample, in which the spins are in resonance.
The slow introduction of spins, both by the mechanical wave (6) (in Fig. 2 marked with q') and the electric field E(t) (in Fig. 2 marked with q") , causes that the spins do not contribute to the signal received. Thus, a narrow signal, originating from the spins included in the fragment marked by s in Fig. 2 , and travelling in the direction indicated by the arrow q, is obtained. The slower charge carriers are removed by the elastic wave, while the faster ones by the electric field governing the given E(Δt) (Δt denotes the interval adequate for the transfer of definite charge carriers along the path marked by the arrow q, i.e. through the resonance zone).
Then, by substituting Eq. (3a) to Eq. (2) and its result and Eq. (3b) to Eq. (1), and Eq. (6) to Eq. (7), a lower limit is obtained that cannot be exceeded when determining the mobility of charge carriers by the method proposed
The constant A is an instrument constant: (i) directly proportional to the magnetic field gradient applied, which determines the size of the element from which the information Fig. 2 Schematic description of the principles of the method. Here: B is a constant magnetic field, G(t) -magnetic field gradient, E(t) -electric field, ξ a y (t), ξ E x (t)the spin displacement induced by elastic wave and electric field respectively, S -element of the sample determined by G(t) which is a resonance zone, s' -sample element containing spins q' and q", q' and q"-spins displaced beyond area S by elastic wave and electric field, respectively, q -spins displaced within the resonance zone S. on the mobility is obtained and (ii) inversely proportional to the distribution of spin precession frequency at the end of the pulse series G(t). It can be described approximately by the relation
where Δ(ΔΦ) is the width of the distribution of phase changes ΔΦ. Under limiting conditions, i.e. without diffusion and relaxation, this constant is given by the distribution in Eq. (4)
Then, for the complete N periods of the changes
where B = γN Go· Eo 2π 2 ν 2 . Hence, applying simplifications that led to formula (7) we obtain
This also means that for the resolution of the method it is advantageous: (i) to apply possibly high gradients G o , and high amplitudes of the electric field E o and (ii) to avoid advanced diffusion and relaxation processes (T 1 and T 2 ), i.e. to use short times δ and low frequency ν (this implies small N , thus reducing sensitivity of the method). However, it is not always possible to apply high fields and gradients in some large samples or biological systems.
Stepwise sweeping of the sample with magnetic field gradient G will allow sweeping with element S, in which spins are in resonance. Thus, each measurement of ΔΦ in the presence of the elastic wave ξ a y (t), being in resonance with the changes in the electric field E(t), enables the mobility ρ to be described in the whole sample. The sign of the ion determines the sign of the phase change ΔΦ.
Discussion
The method proposed to measure and image the distribution of charge carriers mobility promises solutions to certain problems connected with the transport of vitally essential ionic components, chemical radicals and some factors responsible for the transfer of intercellular information. Assuming that the method will be implemented employing the MRI apparatus used so far, the resolution of the spin shifts related with charge carriers in both directions is S = 0.1 μm x 0.1 μm [6] (Fig. 2) . Then, based on relations (2) and (3a) for ions in aqueous solution at 18
• C, the amplitude of the fields E o was obtained for frequency 100 Hz (columns 2 and 5 in Table 1 ). This implies that in order to embrace all examples of ions in the distribution obtained, it is sufficient to apply a field with the intensity amplitude for the slowest ion, i.e. E o > 18.145 V/cm. Therefore, the calculations were carried out for the amplitude of the field E o = 20 V/cm (which seems harmless to tissues) by determining the first line time t (i.e. time after which the given line for the first time occurs in the spectrum at given E o and ν) (columns 3 and 6 in Table 1 ). The application of an acoustic field with the amplitude of the order of 0.1 μm does not seem to pose a threat to many tissues. Equation (5) implies that when the lifetime χ of charge carriers is shorter than the duration of the sequence δ χ < δ (see Fig. 1 ), there exists a linear dependence between the displacement of charges (equivalent to the intensity of spectral lines in the resonance (α E = 1)) and the lifetime χ. The lines certainly become broader and, hence, worse defined, which is illustrated in Fig. 3 . This means that by the choice of parameters E o , N , ν and δ it is possible to measure the lifetimes of charge carriers based on the line intensity characteristics as a function of time δ (see Fig. 4 ).
The possibility to use a wide range of parameters E o , N , ν and δ affords a chance to measure lifetimes χ of many charge carriers formed in the sample.
Relation (11) implies that with selected instrument parameters, the mobility ρ and the width of the spin precession distribution after finished pulse sequence are the only variables. Thus, the y-axis will represent the distribution of the mobility of charge carriers in the sample element from the most mobile ones to those determined by relation (8) . Figure 5 shows the expected distribution of the charge carriers mobility obtained by the use of the method discussed. Curve (a) illustrates this relationship for parameters chosen to satisfy the condition χ ≥ δ for all charge carriers, and curves (b) and (c) -for two carriers with shorter times χ < δ.
The measurement of charge carriers' lifetimes as a function of temperature T (e.g. when examining electrolytes) will allow the determination of the activation energy E a of the processes investigated Table 1 , from the fastest to the slowest ones:
where k is the Boltzman constant and χ o is the time χ at absolute zero. The investigation of the mobility of charge carriers should also allow the interpretation of microviscosity of the medium containing these carriers. By using such a method it is possible to determine these quantities within small areas and, hence, to image them [6, 8, 9] .
Conclusions
It is known that charged elements (ions, free radicals) play an important role in chemical reactions occurring in cells (e.g. in endo-and exothermic processes in mitochondria, in kinetics of chemical reactions).
Using the method discussed, it is possible to image the mobility of charge carriers, as well as to determine the type of these carriers and their lifetimes in the element of the matter. The predicted applications: (a) in medical diagnostics -identification of the type of charges elements, their electric mobility and lifetimes, the quantities essential for the physiology of healthy and pathologic (neoplastic) cells and (b) in controlling technological chemical processes. The method seems promising in the investigations of physiology of cells, allowing one to gain a better understanding of refined interactions in biological environment. It will be also possible to obtain information on internal sources of electric fields in biological systems.
In relation to EMMRS, the method discussed can be treated rather as Elasto-Magnetic Resonance Spectroscopy (EMRS) [7] than MRE [4] [5] [6] . In EMRS, quantities measured by the employment of MRE (elasticity, absorption) are developed on the scale of elastic waves frequency. In the method presented herein, the measured values (ion concentration, lifetimes, activation energies) are developed on the scale of charge carriers' mobility. Therefore we propose to call it Ionic Mobility MR Spectroscopy (IMMRS) [8] .
